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Summary
The gas carbon dioxide (CO2) plays a critical role in mi-
crobial and mammalian respiration, photosynthesis in
algae and plants, chemoreception in insects, and even
global warming [1–5]. However, how CO2 is trans-
ported, sensed, and metabolized by microorganisms
is largely not understood. For instance, CO2 is known
to induce production of polysaccharide capsule viru-
lence determinants in pathogenic bacteria and fungi
via unknown mechanisms [6–8]. Therefore, we studied
CO2 actions in growth, differentiation, and virulence
of the basidiomycetous human fungal pathogen
Cryptococcus neoformans. The CAN2 gene encoding
b-carbonic anhydrase in C. neoformans was found to
be essential for growth in environmental ambient con-
ditions but dispensable for in vivo proliferation and vir-
ulence at the high CO2 levels in the host. The can2D
mutant in vitro growth defect is largely attributable to
defective fatty acid synthesis. CO2 was found to inhibit
cell-cell fusion but not filamentation during sexual re-
production. The can2 mutation restored early mating
events in high CO2 but not later steps (fruiting body
formation, sporulation), indicating a major role for car-
bonic anhydrase and CO2/HCO3
2 in this developmen-
tal cascade leading to the production of infectious
spores. Our studies illustrate diverse roles of an an-
cient enzyme class in enabling environmental survival
of a ubiquitous human pathogen.
Results and Discussion
C. neoformans provides a unique opportunity to study
CO2 sensing because it can survive in both low (natu-
ral environment; w0.036%) and high (mammalian host;
w5%–6%) CO2 concentrations. This pathogen is ubiqui-
tous in the environment and must adapt to radically dif-
ferent niches during infection. CO2 is a critical factor de-
fining the difference between a natural enviroment and
the mammalian host. CO2 diffusion into or out of cells
is facilitated by its conversion to bicarbonate ions
(HCO3
2), which are utilized for lipid biosynthesis and
other cellular processes. CO2-HCO3
2 interconversion is
catalyzed by carbonic anhydrases (CA), which can be
broadly grouped into four classes: a-CA, b-CA, g-CA,
and d-CA [9, 10]. The a class is widely distributed from
prokaryotes to mammals, playing key roles in cellular
functions, including respiration and cancer development
*Correspondence: heitm001@duke.edu[9, 11]. In contrast, b-CA is found in fungi but not ver-
tebrates. Apart from a b-CA shown to be essential for
growth in ambient CO2 conditions in Saccharomyces
cerevisiae [12–14], the biological and cellular functions
of CA in the fungal kingdom are largely unknown.
Can2 Is a Major b-CA Required for Growth
of C. neoformans in Ambient Air
To study the role of CO2 sensing and metabolism in
C. neoformans, we identified CA homologs in theC. neo-
formans genome databases, using the sequences of
plant and S. cerevisiae CA homologs. We discovered
two potential CA homologs, Can1 and Can2 (Carbonic
anhydrases 1/2), which share 36% identity. Can1 and
Can2 exhibit a b-CA signature motif represented by
one histidine and two cysteine residues for zinc coordi-
nation (see Supplemental Data available with this article
online), further indicating that both belong to the b-CA
protein family.
In addition to the conserved b-CA motif, three lines of
evidence demonstrate that Can2 is the major C. neofor-
mans CA. First, CAN2 was highly expressed in both high
(5%) and low (0.036%) CO2 concentrations (Figure 1A).
In contrast, CAN1 expression was undetectable by
Northern blot. CAN1 cDNA clones were obtained by
RT-PCR and RACE, indicating that CAN1 is expressed,
but at low levels.
Second, we performed a mutational analysis of CAN1
and CAN2 in serotype A strains. Consistent with ex-
pression analysis, disruption of CAN2, but not CAN1,
conferred dramatic effects on C. neoformans in vitro
growth (Figure 1B). In ambient air, can2D mutants, but
not can1D mutants, exhibited a severe growth defect,
while can1D can2D double mutants behaved similarly
to the can2D mutant. Growth defects of the can2D or
can1D can2D mutants were rescued by either reintro-
duction of the wild-type (wt) CAN2 gene or incubation
in high CO2 (Figure 1B). This high-CO2-requiring (HCR)
phenotype is also observed with other CA-deficient mi-
croorganisms [12, 13, 15–18]. Despite growth inhibition
in ambient air, can2D mutants preincubated for 3 days
in low CO2 resumed growth when transferred to high
CO2 (data not shown). Serotype D can1D and can2Dmu-
tants exhibited similar phenotypes (data not shown).
Third, heterologous expression of the C. neoformans
CAN2 gene completely rescued the HCR phenotype of
a S. cerevisiae nce103D mutant that lacks intracellular
CA activity (Figure 1C) [14]. Heterologous expression of
CAN1 also partially restored growth of the nce103Dmu-
tant (Figure 1C), suggesting that Can1 demonstrates CA
activity in this bioassay. Thus, C. neoformans contains
a major (Can2) and a minor (Can1) carbonic anhydrase.
CA Activity Is Required for Fatty Acid Biosynthesis
Why are cells without CA activity unable to grow in am-
bient conditions? Mutations in the CA genes are pre-
dicted to perturb the physiological balance between
CO2/H2O and HCO3
2/H+, decreasing bicarbonate, but
not CO2, which is generated by cellular respiration. Bi-
carbonate is a key substrate for carboxylating enzymes
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2014Figure 1. Can2 Is the Major b-Carbonic Anhydrase Essential for NormalC. neoformansGrowth and Fatty Acid Biosynthesis at Ambient CO2 Con-
centrations
(A) Northern blot analysis was performed with total RNA isolated from the indicated strains grown at 30ºC on solid YPD medium with or with-
out 5% CO2 and probed with CAN1 or CAN2 gene probes followed by an ACT1 probe as a control: wt (H99), can1 (YSB44), can2 (YSB100),
can2+CAN2 (YSB260), and can1 can2 (YSB158).
(B) The following strains were grown on solid YPD medium at 30ºC with or without 5% CO2: wt, can1, can1+CAN1 (YSB294), can2, can2+CAN2,
and can1 can2.
(C) Heterologous expression of C. neoformans CA genes rescues growth of the S. cerevisiae nce103D mutant. Strains were grown on synthetic
dextrose (SD) medium lacking uracil and incubated in ambient or high CO2 conditions at 30ºC: haploid wt S. cerevisiae strain (CEN.PK2-1D) con-
taining vector only (pTH19; WT+vector), haploid S. cerevisiae nce103D mutant (CEN.HE28-1a) containing vector only (pTH19; nce103D+vector),
pADH-ScNCE103 (nce103D+NCE103), pADH-CAN1 (nce103D+CAN1), or pADH-CAN2 (nce103+CAN2).
(D) C. neoformans (wt, can2, and can2+CAN2) and S. cerevisiae (wt and nce103D) strains grown overnight on YPD medium in high CO2 were col-
lected, serially diluted (10-fold), and spotted onto YPD medium containing palmitic acid with 1% Tween 80 as surfactant. Amino acid or purine/
pyrimidine bases were added at a concentration of 30 mg/l: Ade (adenine), Asp (L-aspartate), and Arg (L-arginine) to SD medium containing Tween
80 (1%) and 2 mM palmitic acid. Cells were incubated at 30ºC in ambient air for 5 days and photographed.central to many metabolic processes. Among these,
acetyl-CoA carboxylase catalyzes conversion of ace-
tyl-CoA to malonyl-CoA during lipid biosynthesis [19,
20]. Therefore, we hypothesized that fatty acid synthesis
might be affected by a lack of CA activity. Supporting
this hypothesis, palmitate rescued the growth defect
of the can2D mutant, although less effectively than
CO2 itself (Figure 1D). Growth restoration by exogenous
palmitate was dose dependent and maximal at 2 mM.
Myristate was less effective than palmitate (data not
shown). Fatty acids rescued can2D mutant growth in
rich but not synthetic medium, indicating that additional
components also contribute (Figure 1D).To further restore normal can2D mutant growth, we
tested metabolites that can bypass the requirement for
other carboxylases, including pyruvate carboxylase, car-
bamoylphosphate synthetase, and 50-phosphoribosyl-5-
amino-4-imidazole carboxylase. Similar to data of Agui-
lera et al. [21], a mixture of arginine, aspartate, uridine,
adenine, and palmitate significantly rescued growth of
the S. cerevisiae nce103D mutant in ambient air (Figure
1D). In contrast, growth of the C. neoformans can2D
mutant was only slightly restored by these conditions
(Figure 1D), perhaps becauseC. neoformans is relatively
deficient in amino acid transport [22]. Taken together, the
can2 mutation affects fatty acid biosynthetic processes
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2015essential for growth of C. neoformans and may also im-
pose defects in amino acid and purine/pyrimidine bio-
synthesis.
CA Activity Is Not Required for Virulence Factor
Regulation in C. neoformans
Can2 is the major CA protein controlling growth of
C. neoformans in ambient conditions, and we sought
to determine whether Can1 and Can2 serve additional
functions. We examined their roles in controlling viru-
lence factors, including stress responses, melanin pro-
duction, and capsule formation [6, 7, 23–25]. Can1 and
Can2 were dispensable for modulating these virulence
factors. The can1D, can2D, and can1D can2D mutants
produced wt levels of melanin and capsule with or with-
out high CO2 (Supplemental Data). Neither can1 nor
can2 mutation affected capsule size in response to
high CO2, suggesting that CO2 itself, rather than bicar-
bonate or [H+] changes, could have a direct positive im-
pact on capsule production. Alternatively, under high CO2
conditions, sufficient spontaneous hydration of CO2 to
HCO3
2 may provide a capsule induction signal. In addi-
tion, these mutants did not exhibit altered sensitivity to
stresses such as osmotic shock, temperature, UV irradi-
ation, or oxidative or nitrosative challenge (data not
shown).
CO2 Represses Mating, and Repression Is Relieved
by the can2 Mutation
Mating is an important process for C. neoformans to
generate spores, the proposed infectious propagules
because of their small size (1–2 mm) relative to yeasts
(w5 mm). C. neoformans mates robustly in a laboratory-
controlled environment of dessication, darkness, aera-
tion, and moderate temperature (24ºC), but not in the
warm-blooded animal host. We hypothesized that CO2
and bicarbonate would inhibit C. neoformans mat-
ing and examined the role of Can1 and Can2 in this pro-
cess.
Can2 was found to play a critical role inC. neoformans
mating. The mating efficiency of the serotype A wt and
can2D mutants was monitored in ambient or high CO2
concentrations (4%–10%). Strikingly, high CO2 com-
pletely blocked mating of wt strains (Figure 2A). Surpris-
ingly, the can2D mutants produced prolific mating fila-
ments at high CO2 in a bilateral cross, whereas mating
was completely blocked in unilateral crosses of the mu-
tant with wt or complemented strains at high CO2 (Figure
2A). can1D mutants exhibited wild-type mating (Figure
2A). These results could be explained by two models.
First, increased HCO3
2 levels inhibit wt mating, and
lack of CA activity in the can2D mutant strains allows
mating in high CO2 because HCO3
2 levels are kept arti-
ficially low. In the second model, increased H+ levels
could decrease the intracellular pH, which in turn could
inhibit wt mating. We consider the latter scenario un-
likely because pH did not significantly change during
mating and CO2 also blocked wt mating in highly buff-
ered mating media (Supplemental Data). Furthermore,
increased HCO3
2 could play a buffering role in counter-
balancing increased H+ levels. Supporting the first
model, increased HCO3
2 indeed inhibited mating of
both wt and can2D mutant strains (Figure 2B). There-
fore, we suggest that CO2-mediated mating inhibitionis imposed by increased intracellular levels of HCO3
2
produced by Can2 at high CO2. In the can2D mutant,
the small amount of bicarbonate generated through
nonenzymatic, spontaneous hydration of CO2 is suffi-
cient to support vegetative growth, but not high enough
to inhibit mating.
In spite of prolific mating filament formation, a severe
sporulation defect was observed in can2D mutants dur-
ing the late stages of mating at high CO2 (Figure 2C). In
ambient air, basidia with four chains of basidiospores
were observed in wt matings, but basidia-head struc-
tures with chains of basidiospores were rarely present
in the bilateral cross of can2D mutants in high CO2 after
2 weeks of incubation (Figure 2C). To examine whether
defective nuclear migration through mating hyphae con-
tributes to impaired basidia and basidiospore-chain for-
mation, nuclei in the mating filament were visualized by
DAPI staining (Figure 2D). Similar to the wt strains in am-
bient air, the dikaryotic state (two unfused nuclei migrat-
ing coordinately) was present in the mating filaments of
the can2D mutants under high CO2. Therefore, Can2 is
required for sporulation after nuclear migration.
It was unclear which steps in mating (cell fusion, fila-
mentous growth, or both), were inhibited by high CO2/
HCO3
2. Quantitative cell fusion assays showed that wt
cell fusion step is inhibited by high CO2 (<0.1% fusion ef-
ficiency), whereas can2D mutants exhibited normal cell
fusion efficiency (107.7%6 23.5%) under high CO2 (Fig-
ure 3A). To test whether CO2 also blocks filamentation
following cell fusion, wt cells of opposite mating type
were incubated for 24 hr in ambient air to allow cell fu-
sion, and the resulting a/a diploid cells were then incu-
bated in ambient air or high CO2. Both wt and can2/
can2 mutant a/a diploid strains showed filamentous
growth in high CO2 (Figure 3B). Therefore, high levels
of CO2 inhibit mating by specifically blocking cell fusion,
but not filamentation.
Cell fusion during C. neoformans mating is controlled
by the pheromone-response MAPK and the cAMP sig-
naling pathway [26]. Mutations in either pathway affect
cell fusion efficiency [27]. Activation of the cAMP path-
way with exogenous cAMP (1 mM) could not rescue
cell fusion in high CO2 (data not shown), indicating that
there is no defect in cAMP signaling. In fact, high cAMP
(10 mM) was found to block wt cell fusion (data not
shown), in accord with models in which CO2/HCO3
2 ac-
tivates adenylyl cyclase (AC) to produce elevated cAMP
(see accompanying paper [36] and Supplemental Data).
We hypothesized that the pheromone-response path-
way might be affected by high CO2. Pheromone gene
expression was blocked by high CO2, and this repres-
sion could be completely rescued by the can2 mutation
(Figure 3C). Furthermore, we tested whether mutants
that overproduce pheromone, such as hog1D or crg1D
mutants, escape CO2-mediated mating inhibition [28].
Interestingly, the hog1 mutation, but not the crg1 muta-
tion, partially restored mating in high CO2 (Figure 3D),
suggesting cross-talk between the CO2-sensing path-
way and the Hog1 MAPK pathway that regulates phero-
mone production and a myriad of stress responses [28].
Mating between serotype D strains (JEC21 and JEC20)
was minimally affected by high CO2 concentrations (Sup-
plemental Data). In the serotype D strains, CO2-mediated
mating inhibition was more apparent in unilateral mating
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2016Figure 2. CO2 Repression of Mating Requires Can2, which Is Essential for Sporulation in the Later Stages of Mating
(A) a and a strains were cocultured on solid V8 medium (pH 5.0) for 2 weeks at room temperature in the dark with or without a GasPak that pro-
duces 4%–10% CO2 in a jar, and representative mating patch edges were photographed at 1003 magnification: a wt 3 a wt (H99 and KN99a),
a can1 3 a can1 (YSB44 and YSB133), a can2 3 a can2 (YSB100 and YSB104), and a can2+CAN2 3 a can2 (YSB260 and YSB104).
(B) a and a wt or can2D strains were cocultured on solid V8 medium containing the designated amounts of NaHCO3 and incubated for 2 weeks at
room temperature in ambient conditions for wt or in a CO2 GasPak jar for the can2D mutants.
(C) Representative edges of the mating patches in (A) were photographed at 5003 magnification.
(D) Nuclear migration during the a wt3 a wt, a can1 3 a can1 (in ambient air), and a can2 3 a can2 mating (in high CO2) was visualized by DAPI
staining and by microscopy. Scale bar equals 10 mm.crosses of strains with mating and pheromone expres-
sion defects (ste11D, ste7D, or cpk1D) (Supplemental
Data).In summary, high CO2/HCO3
2 inhibits mating at early
stages (cell fusion), but Can2-mediated bicarbonate
production is also required for basidia and basidiospore
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2017Figure 3. CO2 Inhibits Cell-Cell Fusion by Repressing Pheromone Production in the Early Stages of Mating
(A) Cell fusion assays were performed with awt3 a wt (YSB119 and YSB121) and a can23 a can2 (YSB100 and YSB104). Equal numbers of NAT-
marked a and NEO-marked a cells (53 104 cells each) were mixed and incubated on solid V8 medium for 24 hr at room temperature with or with-
out a CO2-generating GasPak. Cells were harvested, spread, and incubated at room temperature on YPD medium containing nourseothricin and
G418, in ambient conditions for wt strains or high CO2 for can2D mutants. Percentage of cell fusion relative to the wt mating at ambient CO2
(100%) was calculated by averaging results from three independent experiments with standard deviation, as indicated.
(B) Cell fusion assays were performed with wt strains (a wt 3 a wt) in ambient conditions as described in (A). These cells were collected and
further incubated for 5 days at room temperature on YPD medium containing nourseothricin and G418 with or without high CO2. For can2D mu-
tants, both cell fusion and diploid incubation were performed under high CO2.
(C) Northern blot analysis was performed with total RNA isolated from single or cocultures of the indicated strain(s) grown for 24 hr under mating
conditions in ambient or high CO2 and probed with the MFa1 gene and subsequently with an ACT1 control: WTa (H99), WTa (KN99a), can2a
(YSB100), and can2a (YSB104).
(D) Mating was induced as described in Figure 2A between the following a and a strains: a wt3 a wt (H99 and KN99a), a hog13 a hog1 (YSB64
and YSB81), and a crg1 3 a crg1 (H99 crg1 and PPW196).
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2018Figure 4. Carbonic Anhydrases Are Not
Required for In Vivo Growth or Virulence of
C. neoformans
(A) Immunocompromised rabbits (two for wt
strains and three for can2D mutants) were in-
oculated intrathecally with a mixture of NAT-
marked a and NEO-marked a wt (YSB119
and YSB121, respectively) and can2D strains
(YSB100 and YSB104, respectively). The ini-
tial inoculum for each strain was 2.33 3 107
cells for a wt (diamond), 2.85 3 107 cells for
a wt (square), and 33 107 cells for both a (as-
terisk) and a can2D (circle) mutants. Cerebro-
spinal fluid (CSF) was removed on days 2, 5,
and 9 after inoculation, and the number of a,
a, and a/a cell fusion products or diploid cells
was determined. Each data point represents
the log10 value of the average number of a
and a cells for each strain, and error bars rep-
resent the standard deviation. No mating type
preference was observed in either wt or
can2D mutants in terms of fungal burden, ex-
hibiting similar CFU/ml CSF for a and a cells
at each time point.
(B)Capsules produced invivo bywtandcan2Dmutant strains recovered fromrabbitCSF (day5)werevisualizedwith India ink. Scalebar equals5mm.
(C) can2D mutants recovered from infected animals required CO2 to grow in vitro. Cells recovered from rabbit CSF at each time point were grown
at 30ºC on solid YPD medium in a 5% CO2 incubator for 2 days, replica-plated onto YPD medium, and further incubated at 30ºC with or without high
CO2 (5%).formation. In S. cerevisiae, increased intracellular cAMP
levels are required for sporulation [29] and AC is pro-
posed to be activated by bicarbonate [30]. In mammals,
soluble AC is structurally and functionally distinct from
the conventional, hormone-responsive transmembrane
AC and is specifically activated by bicarbonate indepen-
dent of G-proteins [31, 32]. In yeasts, only a single AC
is present, and recent studies by Fritz Mu¨hlschlegel
and colleagues reveal that it is bicarbonate activated
in C. albicans and C. neoformans (see accompanying
paper [36]). Furthermore, bicarbonate is a known meio-
sis-promoting factor in S. cerevisiae [33, 34]. Therefore,
activation of AC by Can2-mediated bicarbonate produc-
tion in the late stages of mating may be essential for
sporulation and spore maturation.
can2D Mutant Exhibits Normal In Vivo Growth
and Virulence during Infection
The can2D mutant is unable to grow under ambient
CO2 levels but can grow in high CO2, which prompted
us to investigate whether the can1D, can2D, or can1D
can2D mutants can colonize and lethally infect a mam-
malian host. In a murine model of cryptococcosis, the
can1D and can2D mutants were both as virulent as wt,
and quantitative measurement of fungal burden demon-
strated that the can2D mutant proliferates equivalently
to the wt strain in the lungs and brain of infected animals
(Supplemental Data).
The virulence potential of the can2D mutant was fur-
ther tested using a rabbit meningitis model. An equal
number of Natr- and Neor-marked a and a wt and
can2D mutant cells was inoculated into the CSF, and
the fungal burden was monitored over time. Surpris-
ingly, can2D mutants survived better in the rabbit CSF
than wt strains (Figure 4A). Both wt and can2D mutants
produced equally large capsules in the CSF (Figure 4B).
No in vivo mating events (Natr Neor double marked cells)were observed with either wt or can2D mutant strains
(data not shown), indicating that other factors besides
high CO2 levels contribute to inhibit mating in the host.
can2D mutants can be recovered on YPD medium only
in high CO2, but not in ambient air (Figure 4C). Thus,
the can2D mutant is similar to obligate or fastidious
pathogens.
Because can2D and can1D can2D mutants exhibit wt
levels of melanin, capsule, and stress resistance in high
CO2, it is not surprising that the CA mutants exhibit wt
virulence. The impact of CA in virulence of other patho-
genic micoorganisms has not been well studied. How-
ever, the previous finding that a Salmonella typhimurium
CA gene is induced during macrophage infection indi-
cates that CA might play a broad role in microbial viru-
lence [35].
Conclusions
This study provides compelling evidence that the bio-
logical balance of CO2/HCO3
2mediated by carbonic an-
hydrase (CA) is essential for C. neoformans to survive
and proliferate in the environment. We demonstrate
that an ambient CO2 level is required for C. neoformans
mating and that high CO2 concentrations inhibit this pro-
cess by impairing cell-cell fusion. Our studies further im-
plicate Can2 in producing bicarbonate required for later
mating steps, including production of potentially in-
fectious spores. These CO2- and HCO3
2-dependent
growth and differentiation events are mainly controlled
by CAN2 encoding a b-CA homolog. Cells lacking
Can2 exhibited a severe growth defect in ambient air
that is rescued by increased CO2 levels. In contrast,
Can2 is dispensable for C. neoformans survival, prolifer-
ation, and lethality during infection. Here, we define
Can2 as an ‘‘environmental factor’’ in contrast to a con-
ventional ‘‘virulence factor,’’ which is required for cells to
survive and grow inside the host, but less important for
CO2 Sensing by C. neoformans
2019environmental survival. However, because C. neofor-
mans infection originates from the environment and it
is not known to be contagious, Can2 is important to
the virulence composite of the pathogen.
Supplemental Data
Supplemental Data include six figures, Supplemental Experimental
Procedures, and two tables listing strains and primer sequences and
can be found with this article online at http://www.current-biology.
com/cgi/content/full/15/22/2013/DC1/.
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